Summary
Introduction
Overview of the cellular expression pattern and function of CD8 T-cell antigen recognition and subsequent T-cell activation are governed by the interaction between the T-cell receptor (TCR) and peptide-major histocompatibility complex (pMHC) molecules. 1 In a unique bipartite recognition mechanism TCR-pMHC-mediated T-cell activation is enhanced through the activities of co-receptor molecules that bind independently from the TCR to an invariant region of the pMHC (Fig. 1) . The CD8 co-receptor exists as an aa homodimer (Fig. 2a ) on the surface of many different cell types within the lymphoid system, including natural killer cells, cd T cells 2 and intestinal intra-epithelial T lymphocytes 3 ; it is also expressed in this form on certain dendritic cell subsets. 4 In the alternative ab heterodimeric form (Fig. 2b) , CD8 is found on~90% of cytotoxic T lymphocytes. 5 The functional role of the CD8aa homodimer has not been formally identified, although a regulatory role has been proposed in the case of intestinal intra-epithelial T lymphocytes. 6 In contrast, the CD8ab co-receptor plays a major role in CD8 + T-cell activation by increasing antigen sensitivity 7, 8 and by stabilizing the TCR-pMHC class I (pMHCI) interaction at the cell surface. [9] [10] [11] The pMHCI-CD8 interaction is central to these functional roles.
Co-receptor functions of CD8
CD8 acts as a co-receptor during T-cell antigen engagement. 8 The dominant molecular basis for this functional role in antigen recognition centres on the association of the CD8 a-chain with p56
Lck , via two vicinal cysteines, which interact through a zinc chelate complex to produce a co-activation signal. 12, 13 This interaction leads to a signalling cascade that recruits ZAP-70 to the TCR-CD3 complex, leading to the amplification or enhancement of T-cell activation signals. 14, 15 The signalling role of the CD8 a-chain can be enhanced by palmitoylation of the CD8 b-chain at a membrane-proximal cysteine. 16 Palmitoylation at this site allows the recruitment of the tripartite TCR-CD3-CD8 signalling complex to detergent-insoluble membrane domains, or lipid rafts. 17, 18 Lipid rafts are made up of ordered microdomains, enriched with sphingolipids and cholesterol, that exclude molecules such as phosphatases (CD45) but recruit molecules that are critical for T-cell activation, such as p56 Lck and the linker for activation of T cells. Accordingly, these membrane microdomains represent privileged sites for TCR-mediated signal transduction. [19] [20] [21] Hence, the tripartite extracellular interaction between TCR, pMHCI and CD8 ( Fig. 1 ) has important consequences in terms of intracellular signalling. 22 Although it is now generally accepted that CD8 enhances antigen sensitivity, recent studies have shown that certain CD8 + T-cell responses
can occur independently of the CD8 co-receptor. 23 This review will cover newly reported molecular aspects of the pMHCI-CD8 interaction and the role of the co-receptor during CD8 + T-cell antigen surveillance.
Molecular basis of the pMHCI-CD8 interaction
Structural basis of the pMHCI-CD8aa and pMHCICD8ab interactions
The CD8 co-receptor binds to a largely invariant region of MHCI that is spatially distinct from the TCR binding platform, allowing the potential for tripartite (TCRpMHCI-CD8) complex formation ( Fig. 1) . In an analogous fashion to the TCR, the soluble domain of CD8 contains a number of flexible complementarity-determining region-like (CDR) loops that are involved in MHCI binding. The interaction between the CDR-like loops of human CD8aa (residues 51-55) and a finger-like loop in the a3 domain of HLA-A*0201 (residues 223-229) forms the main contact zone of the complex. The CDR-like loops of CD8aa 'clamp' onto this flexible finger-like loop asymmetrically, with each molecule in the dimer contributing differently to the overall binding (Fig. 2c) . Additionally, CD8aa contacts the a2 and b2m domains of HLA-A*0201, compounding the overall stability of the complex. 24, 25 These findings have been confirmed recently by another study that reported the co-crystal structure of CD8aa in complex with HLA-A*2402. 26 In this structure, CD8aa bound primarily to the flexible a3 domain of HLA-A*2402 in a virtually identical conformation to that observed with HLA-A*0201. 26 Although murine CD8aa bound to H2-K b in a similar fashion compared with the human HLA-A*0201-CD8aa complex, 27 there were some key differences in fine specificity between these two interactions. For example, in the murine system, more contacts were made between CD8 and the MHCI a3 domain, fewer contacts existed between CD8 and the MHCI a2 domain, and a number of unique bonds were formed at the interface between CD8 and b2m. These differences probably explain the higher binding affinity of murine CD8 compared with human CD8 for their corresponding species-specific MHCIs. 15 Until recently, the orientation of the CD8ab heterodimer in complex with pMHCI remained speculative. 28 The atomic structure of murine CD8ab in complex with H-2D d29 revealed that the binding mode of the CD8ab heterodimer was largely homologous to that of the CD8aa homodimer. 24, 27 Accordingly, the CDR-like loops of CD8ab bound predominantly to the conserved finger-like loop in the H-2D d a3 domain (Fig. 2d) . Moreover, CD8ab adopted a single orientation in the H-2D d -CD8ab co-complex, with the b-chain in the equivalent position to the CD8 a1-chain in the pMHCI-CD8aa complex, proximal to the T-cell membrane, in opposition to the original structural conformation predicted previously 24 ( Fig. 2d) . Nonetheless, there were also some notable differences between the murine pMHCI-CD8aa and pMHCI-CD8ab complex structures. For example, CD8ab did not contact the a2 and b2m domains of H-2D d , which reduced the buried surface area of this complex compared with murine pMHCI-CD8aa.
The T-cell co-receptors govern TCR binding orientation and MHC restriction Accumulated structural evidence of TCR-pMHC interactions has shown that the TCR binds with a conserved general topology, with the TCR a-chain positioned over the N-terminus of the peptide and the TCR b-chain over the C-terminus. 30 It has been postulated that this binding mode is essential to allow co-receptor binding to the same pMHC as the TCR at the cell surface (Fig. 1) . 31 Hence, the CD8 co-receptor (and CD4 co-receptor) may have a role in governing the conserved binding mode of the TCR to allow the formation of a functional signalling complex at the T-cell surface. 32 Indeed, Kuhns and Davis 33 have shown that the ectodomains of CD3ed and CD3ec, that constitute an important part of the TCR signalling complex, associate with the Ca DE and Cb CC' loops, respectively, within the constant domain of the TCR (Fig. 3a) . In this study, mutation of these conserved loops disrupted the formation of the TCR-CD3 signalling domain and subsequent T-cell activation. So it seems that these CD3 subunits, that contain intracellular tyrosine kinase activation motifs and play an important role in providing T-cell activation signals, form specific interactions with the TCR, fixing their position at the cell surface with respect to the TCR. Yin et al. 32 showed that the structure of the tripartite TCR-pMHCII-CD4 complex is compatible with this notion. Assuming that the TCR and co-receptor co-engage the same pMHC at the cell surface, the fixed polarity of the TCR-pMHC interaction could orientate the co-receptor in such a way as to allow the CD3 molecules to lie between the TCR and co-receptor (Fig. 3a,b ). This would position the intracellular signalling domains of CD3 and the co-receptor in close proximity to enable cross-signalling during antigen engagement. If the TCR bound in the reverse polarity, with the TCR b-chain over the peptide N-terminus and the TCR a-chain over the C-terminus, the CD3 complex would lie distal from the co-receptor, and this could presumably reduce the efficiency of the T-cell activation signal between the co-receptor and the CD3 complex ( Fig. 3c,d ). Adding further support to the idea that the T-cell co-receptors can influence the nature of TCR antigen recognition, Van Laethem et al. 34 have shown that the CD4 and CD8 co-receptors impose MHC-restriction on T cells by preventing Lck availability during TCR interactions with non-MHC antigens. Indeed, in the absence of the co-receptors T cells develop with antibody-like specificities that can respond to other cell surface molecules, such as CD155. 35 Taken together, it seems probable that the ability of the CD8 co-receptor to interact with the MHCI a3 domain enables the formation of an orientationally correct TCR-CD3 signalling complex essential for positive selection in the thymus, and subsequent efficient recognition of antigen in the periphery.
Low solution binding affinity of the pMHCI-CD8 interaction maintains CD8 + T-cell specificity
The binding affinity of the pMHCI-CD8 interaction, measured by surface plasmon resonance, is largely conserved across the majority of MHCI allotypes studied to date (Tables 1a-c) . Notably, the average human pMHCI-CD8aa interaction exhibits very low solution binding affinities (average K D = 145 lM) in a relatively tight range (K D = 100-220 lM) (Table 1a) and is characterized by extremely rapid kinetics (K off > 18 s À1 ). 36, 37 There are, however, some exceptions to this overall uniformity. For example, HLA-A*6801 and HLA-B*4801 contain A245V and A245T mutations, respectively, in their a3 domains that substantially reduce CD8 binding (K D $ 1000 lM) (Table 1a) . 38 The biology that underlies these anomalies remains poorly defined, although the fact that CD8 can still bind, albeit with very low binding affinity, is likely to be important to impose MHCI restriction upon T cells restricted by these alleles. 34 Furthermore, the extremely weak binding affinity of CD8 to HLA-A*6801 still allows most of the benefits, in terms of antigen recognition, that are seen with the wild-type interaction. 38 In the murine system, affinity measurements have been reported for CD8aa and CD8ab binding to a range of different MHCI alleles (Table 1b ,c). The average binding affinity for CD8aa (K D = 69 lM) is similar to that of CD8ab (K D = 49 lM) despite the small structural differences reported for pMHCI-CD8aa and pMHCICD8ab, 29 but the range of affinity measurements is somewhat larger than in the human system (CD8aa K D = 6Á7-210 lM and CD8ab K D = 14Á1-135 lM). Hence, unlike in the human system, there seems to be some substantial differences in binding affinity between alleles. In this TCR-pMHC orientation, CD8 is positioned unfavourably to induce T-cell signalling (blue arrow). Hence, the fixed polarity of the TCR-pMHC interaction is likely to be determined during thymic selection based on the orientation of the CD8 co-receptor in a mode in which it can effectively co-receive antigen.
However, this observation should be considered with caution as there are inconsistencies for some measurements. For example, the interaction between CD8ab and H2-D b has been measured by one group as K D = 14Á1 lM 39 and by another group as K D > 1000 lM. 40 The H2-D b molecules used in these separate experiments were complexed to different peptides, raising the possibility that peptideinduced modulation of CD8 binding could be at play. However, there has been no evidence in any other MHCI system to suggest that the bound peptide can affect CD8 binding, hence it is possible that differences in protein synthesis and experimental design may have had some impact on these disparate findings. Nonetheless, it is clear that CD8 operates at a very weak binding affinity compared with the TCR in both the human and murine systems.
Monomeric TCR-pMHCI binding does not alter the monomeric pMHCI-CD8 interaction
Although pMHCI-CD8 binding affinity measurements have shown that the interaction is weak, there is potential for CD8 to bind to pMHCI simultaneously with the TCR. This begs the question of whether the TCR, or CD8, binds more strongly to pMHCI during TCRpMHCI-CD8 tripartite complex formation compared with the dipartite interactions. Consequently, a number of studies have investigated whether soluble CD8 binding can modify the TCR-pMHCI interaction. One investigation, using surface plasmon resonance analysis, indicated that pMHCI-CD8 binding occurred independently of the TCR-pMHCI interaction during antigen engagement. 37 However, recent fluorescence resonance energy transferbased examinations of the TCR-pMHCI-CD8 antigen recognition complex have shown that the TCR binds initially to pMHCI, satisfying the antigen-specific portion of the interaction. CD8 then binds to the same pMHCI as the TCR, fulfilling its role as a co-receptor. 41 This 'order' of antigen engagement, which is also observed in the CD4 + T helper cell TCR-pMHCII-CD4 antigen recognition system, 42, 43 is likely to be important in ensuring that the specific interaction between the TCR and pMHC dominate T-cell recognition. Consequently, it is more reasonable to assume that, if binding modifications do occur, it is the initial TCR-pMHCI interaction that alters subsequent pMHCI-CD8 binding affinity. To confirm that CD8 binding occurred independently of TCR binding to pMHCI, we recently performed a study to investigate pMHCI-CD8 binding before and during TCRpMHCI docking. 44 We engineered a high affinity TCR with a half-life of many hours to overcome experimental limitations associated with the extremely rapid kinetics of natural TCR binding to pMHC. This development enabled us to measure the binding affinity of soluble CD8 to both unligated pMHCI and to TCR-pMHCI complex. The ensuing data demonstrated that dipartite CD8 binding was unaffected by TCR-pMHCI docking, thereby excluding the possibility that TCR modulation of the pMHCI-CD8 binding domain could influence CD8 interactions (Fig. 4) .
Low pMHCI-CD8 binding affinity ensures TCRdependent T-cell activation
In contrast to pMHCI-CD8, the affinity of the TCRpMHCI interaction can be > 100-fold stronger and can exhibit considerably slower kinetics. 23, 30, [44] [45] [46] [47] [48] It seems unlikely that the striking biophysical characteristics of the pMHCI-CD8 interaction have occurred by accident. In addition, the observation that the pMHCI-CD8 interaction is capable of exerting the vast majority of its biological function when weakened even further 38 suggests that CD8 has specifically evolved to operate at very weak binding affinities. In a recent study, we generated pMHCI molecules with super-enhanced CD8 binding properties. Using these reagents, we demonstrated that pMHCI molecules with affinities for CD8 that lie within the typical range for agonist TCR-pMHCI interactions (K D = 10 lM) were able to activate CD8 + T cells in the absence of an antigen-specific TCR-pMHCI interaction. 49 Hence, the weak binding affinity of the pMHCI-CD8 interaction is essential for the maintenance of CD8 + T-cell antigen specificity. It seems likely that MHCI molecules with a super-enhanced affinity for CD8 are capable of cross-linking CD8 at the cell surface in an 'antibodylike' manner. Indeed, this is consistent with other studies showing that antibody-mediated CD8 cross-linking can induce heterogeneous multimeric pMHCI binding, [50] [51] [52] [53] T-cell signalling can elicit downstream effector functions such as chemokine release and cytotoxicity in the absence of cognate antigen binding to the TCR. 53, 54 It is interesting to note that the average murine pMHCI-CD8 interaction is substantially stronger (K D = 49-69 lM) (Table 1b, c) than the equivalent human interaction (K D = 145 lM) (Table 1a) 15 but does not result in non-cognate CD8 + T-cell activation. Despite differences in TCR and CD8 binding (the average murine TCR-pMHCI and pMHCI-CD8 binding affinities are K D = 3Á3 lM 17,55-59 and K D = 59 lM, respectively, compared with the average human TCR-pMHCI and pMHCI-CD8 binding affinities of K D = 8Á7 lM 45,59-65 K D = 145 lM did, respectively 37, 45, 66 ) the ratio of TCR and CD8 binding affinity is maintained between the two species (murine = 1 : 17, Figure 4 . Monomeric T-cell receptor-peptide-MHC class I complex (TCR-pMHCI) binding does not alter the monomeric pMHCI-CD8 interaction. Binding affinity analysis of CD8aa using surface plasmon resonance. Ten serial dilutions of soluble CD8aa were injected over HLA-A*0201-ILAKFLHWL immobilized onto the surface of a CM5 sensor chip to determine the equilibrium binding constant for the pMHCI-CD8 interaction. The experiment was then repeated following a single injection of a high-affinity TCR (c13), which formed a complex with HLA-A*0201-ILAKFLHWL for the duration of the second CD8aa equilibrium binding measurement. No significant difference in CD8aa binding affinity was observed in the presence or absence of TCR-pMHCI engagement, indicating that TCR docking did not modify the CD8 binding domain of pMHCI. human = 1 : 18), so that the TCR binds with around 17-18 times stronger affinity than CD8. Therefore, the relationship between the binding affinity of the CD8 co-receptor compared with the TCR could represent a fundamental mechanism by which T cells maintain peptide antigen specificity through the TCR while retaining the required level of antigen sensitivity via CD8. Thus, pMHCI-CD8 interactions may have evolved in a highly constrained manner dictated by the need to balance high levels of T-cell cross-reactivity with non-specific T-cell activation, of which the latter could instigate auto-immunity. It should also be noted that the ratio of TCR : CD8 binding affinity may be different in the thymus because positively selecting pMHC ligands have been shown to have a very weak binding affinity for cognate TCRs. 55, 67 Hence, CD8 has been implicated as an important player during thymic selection of immature thymocytes.
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Disruption of the pMHCI-CD8 interaction can modulate TCR-pMHCI stability
Although the weak binding affinity of the pMHCI-CD8 interaction excludes the possibility that CD8 plays a major role during T-cell/target cell adhesion, experiments using mutated pMHCI tetramers with altered CD8 binding properties have shown that CD8 can profoundly affect TCR-pMHCI avidity. 11, 23, 53, 68 Accordingly, mutations in the a3 domain of HLA-A*0201 (D227K/T228A) that abolish CD8 binding (CD8-null) decreased both tetramer association rate and tetramer half-life compared with wild-type HLA-A*0201 tetramers 23 ( Fig. 5a,b) . Furthermore, the shift in mean fluorescence intensity (MFI) using weakly binding pMHCI variants was substantially reduced using CD8-null tetramers compared with wildtype reagents (Fig. 5c,d ). These data show that, although the interaction is weak, pMHCI-CD8 binding has an important role in stabilizing the TCR-pMHCI complex at the cell surface. In support of this notion, two-dimensional binding affinity measurements have shown that the TCR and CD8 bind pMHCI co-operatively to modulate T-cell antigen discrimination.
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CD8 affects T-cell specificity
Tuning T-cell cross-reactivity through modulation of pMHCI-CD8 binding affinity
Disrupting the pMHCI-CD8 interaction clearly impacts the ability of T cells to recognize antigen. Accordingly, it has been shown that T-cell activation can be abolished if the pMHCI-CD8 interaction is blocked. [70] [71] [72] However, recent evidence suggests that the requirements for CD8 co-activation may vary according to antigen potency and TCR-pMHCI affinity. Indeed, we and others 7, 23, 73 have demonstrated that CD8-dependence during T-cell activation can be linked directly to the affinity of the TCR for pMHCI. In our study, pMHCI molecules with compromised CD8 binding were used to demonstrate that T-cell Figure 6 . The influence of CD8 on the specificity of antigen recognition. The 'CD8 effect' broadens the range of ligands, represented by the curves, that can be productively engaged by the T-cell receptor (TCR). In the absence of a peptide-MHC class I complex (pMHCI) -CD8 interaction, only strong (CD8-independent) ligands can be recognized (plain line). This low level of cross-reactivity is likely to result in poor immunity because of insufficient coverage against all potential foreign peptides. The canonical pMHCI-CD8 interaction (dashed line) enhances the recognition efficiency of partially CD8-dependent ligands and broadens the spectrum of CD8 + T-cell antigen degeneracy by conferring a degree of reactivity against strictly CD8-dependent antigens. Developmentally regulated or activation-induced mechanisms that enhance or decrease CD8 co-receptor functions dynamically tune the overall pattern of CD8 + T-cell antigen specificity, which oscillates between minimal functional crossreactivity afforded by TCR binding plasticity (plain line) and maximal antigen degeneracy licensed by full co-receptor activity (dashed line). High-affinity pMHCI-CD8 binding (dotted line) can trigger CD8 + T cells irrespective of the MHC-bound peptide or, it seems, the MHC molecule. The associated loss of specificity in this scenario would be deleterious to the organism. activation could not occur in the presence of weaker agonist antigens without CD8 co-activation, whereas T-cell activation by strong agonists was only partially impaired by the loss of CD8 engagement. 23 Therefore, in instances where antigen potency is low, CD8 appears to play a greater role in increasing T-cell antigen sensitivity. In contrast, for stronger agonists, the contribution of CD8 to T-cell activation may be less. 23 By extension, it might be predicted that the CD8 co-receptor acts to increase T-cell cross-reactivity by facilitating responses to a wider range of agonist ligands. To test this idea, we conducted a comprehensive evaluation of clonal CD8 + T-cell degeneracy using combinatorial peptide libraries and antigen-presenting cells expressing mutant HLA-A*0201 molecules with the following CD8 binding affinities: 38 or abrogated (K D < 10 000 lM). Using this approach, we were able to show a direct positive association between pMHCI-CD8 binding affinity and the number of ligands that elicited T-cell activation. 75 Furthermore, in agreement with our previous findings, increasing the affinity of CD8 for HLA-A*0201 by more than one order of magnitude (K D = 10 lM) resulted in the loss of cognate antigen specificity and indiscriminate killing of HLA A2 + target cells. 49, 75 Hence, CD8 extends the range of pMHCI ligands that can be recognized by an individual cell surface-bound TCR, a feature that is essential for effective immune coverage. 76 These findings suggest that the pMHCI-CD8 interaction is necessary to regulate the balance between optimal T-cell cross-reactivity and T-cell antigen specificity. This 'CD8 effect' (Fig. 6 ) can be controlled to optimize the degree of cross-reactivity and antigen sensitivity of CD8 + T cells at various stages of their development.
Conclusions
The CD8 co-receptor plays an important and diverse role as a regulator of CD8 + T-cell immunity. Structural investigations have shown that CD8aa binds to an invariant domain of pMHCI independently from the TCR. 24, 25 The interaction between CD8ab and pMHCI is similar, with the b-chain proximal to the T-cell surface. 28, 29 CD8, and indeed the CD4 co-receptor, may govern T-cell MHC restriction and TCR binding orientation to pMHC by enabling the formation of a functional signalling complex at the T-cell surface. [32] [33] [34] Modulation of CD8 binding to pMHCI during TCR-pMHCI engagement does not occur, ensuring a fixed interaction across antigen specificities. 44 Furthermore, the weak binding affinity of the pMHCI-CD8 interaction safeguards the role of TCR-mediated pMHCI engagement as the primary determinant of CD8 + T-cell activation in response to antigen. 37, 44, 45, 66 Indeed, increasing the affinity of the pMHCI-CD8 interaction into the range typically observed for TCR-pMHCI interactions can lead to CD8 + T-cell activation that does not require cognate antigen. 49 From a therapeutic perspective, it is notable that CD8 + T cells with low-affinity TCR-pMHCI interactions are more dependent on the CD8 co-receptor for antigenspecific activation compared with CD8 + T cells with high-affinity TCR-pMHCI interactions. Consequently, therapeutic blockade of CD8 may be desirable for systems in which the TCR-pMHC interaction is weak, as typified by autoreactive CD8 + T cells. 23, 77 Finally, modulation of the pMHCI-CD8 interaction can affect CD8 + T-cell cross-reactivity.
75 CD8 therefore appears to play a role in 'tuning' the sensitivity and specificity of CD8 + T-cell activation to ensure both effective and appropriately constrained behaviour during the continuous process of antigen surveillance.
